The effects of Nb on mechanical twinning and tensile deformation behavior were investigated in hot-rolled Fe18Mn0.6C1.5Al twinning-induced plasticity (TWIP) steels without and with 0.1Nb. In comparison to the Nb-free TWIP steel with fully-recrystallized and equiaxed grains, the Nb-added TWIP steel showed non-recrystallized and elongated grains with well-dispersed NbC particles and a high density of dislocations. The increased yield and tensile strengths in the Nb-added TWIP steel were mainly caused by the hardening of dislocations in non-recrystallized grains rather than the precipitation hardening of NbC particles or the solid solution hardening of Nb atoms. Meanwhile, the uniform elongation and strain hardening rate of the Nb-added TWIP steel were decreased due to inactive mechanical twinning, which is probably because the dislocations interfere with the movement and dissociation of dislocations necessary for mechanical twinning.
Introduction
Superior tensile properties of twinning-induced plasticity (TWIP) steels are closely associated with mechanical twinning occurring during plastic deformation. 1) Mechanical twins interfere with the glide of dislocations like grain boundaries, causing the reduction in a mean free path of dislocations. Accordingly, TWIP steels show high strain hardening rate, high tensile strength, and large uniform ductility, which is called dynamic Hall-Petch effect. 1) However, the yield strength (YS) of TWIP steels with grain sizes of a few ten micrometers is about 300 MPa, which is relatively lower than those of other advanced high strength steels. 2, 3) There have been several studies to improve the YS of TWIP steels. For instance, austenite (£) grains in TWIP steels were refined to about two micrometers by conventional cold-rolling and recrystallization annealing, resulting in the increase of YS up to approximately 600 MPa. 4, 5) The precipitation of (Fe,Mn) 3 C particles was observed in C-bearing TWIP steels such as FeMnC and FeMnCAl steels, depending on their annealing conditions.
5) The particles not only contributed to the precipitation hardening, but also delayed the recrystallization during annealing, resulting in an additional increase in YS of TWIP steels. 5) Microalloying elements such as Ti, Nb and V were deliberately added into Fe(1822)Mn(0.60.9)C TWIP steels to improve the YS by their carbide precipitation. 6) While the increments in YS with additions of Ti, Nb and V to TWIP steels were 1380, 187 and 530 MPa per weight percent, respectively, the strain hardening after yielding was not significantly influenced by the microalloying elements. 6) Considering the crucial effect of mechanical twinning on strain hardening behavior in TWIP steels, the kinetics of mechanical twinning seems to be insignificantly affected by the addition of microalloying elements.
However, the detailed effects of microalloying elements on the morphology of twins, twinning kinetics, and strain hardening rate in TWIP steels have not been reported yet.
Therefore, in the present study, the tensile deformation behaviors of hot-rolled Nb-free and Nb-added TWIP steels were systematically investigated in conjunction with its mechanical twinning behavior.
Experimental Procedure
Two TWIP steels with different Nb contents were prepared as ingots of 30 kgf each by vacuum induction melting, whose chemical composition is given in Table 1 . The ingots were homogenized at 1200°C for 2 h in an argon atmosphere, hotrolled to a plate of 3 mm thick at around 1100°C, and then air-cooled to the room temperature.
Microstructures of the specimens were observed using an X-ray diffractometer (XRD, Rigaku, D/MAX-2500H) in the scanning range of 40100°with CuK¡ radiation, an electron backscattered diffractometer (EBSD, Oxford instrument, INCA Crystal) attached to a field emission scanning electron microscope (FE-SEM, JEOL, JSM7001F), and a transmission electron microscope (TEM, JEOL, JEM-2010F) operated at 200 kV. The samples for EBSD observation were mechanically polished using emery papers, diamond suspension, and finished with colloidal silica particles. Thin foils for TEM observation were prepared using a twin-jet polisher (Struers, Tenupol-5) in a solution of 90% acetic acid glacial and 10% perchloric acid at 15°C.
Tensile specimens were machined as the ASTM E 8M-04 sub-size, 7) whose gauge width, length and thickness were 6, 25 and 3 mm, respectively. Tensile tests were performed at room temperature with a constant strain rate of 1 © 10 ¹4 s
¹1
using an Instron 3382 machine. Microstructures of failed specimens after tensile tests were also observed using the XRD and TEM. 
Results and Discussion
Figure 1(a) shows the XRD patterns of as hot-rolled Nbfree and Nb-added TWIP steels. It was confirmed that the initial microstructure of the two steels before tensile test was an £ single phase. Figures 1(b) and 1(c) show EBSD orientation maps of the two TWIP steels. The Nb-free TWIP steel had almost equiaxed grains with an average grain size of 18.0 µm excluding annealing twin boundaries ( Fig. 1(b) ). However, the Nb-added TWIP steel exhibited elongated grains with unclear boundaries along the rolling direction ( Fig. 1(c) ), indicating that it was scarcely recrystallized.
A TEM bright field image ( Fig. 2(a) ) showing profuse dislocations also supports the retarded recrystallization of £ in the Nb-added TWIP steel. Figure 2 (a) also shows welldispersed particles of a few ten nanometers, which were identified as NbC precipitates having a cube-cube orientation relationship with respect to the £ matrix from a selected area diffraction pattern (SADP) in Fig. 2(b) and an energy dispersive X-ray spectrum (EDXS) in Fig. 2(c) . This result shows a good agreement with the previous observations that the addition of Nb caused the NbC precipitation and significant retardation of the £ recrystallization in microalloyed steels. 8) Figure 3(a) shows engineering stressstrain curves of both Nb-free and Nb-added TWIP steels. Despite the larger grain size, the YS (620 MPa) of the Nb-added TWIP steel was higher than that (342 MPa) of the Nb-free TWIP steel. The increased YS of 278 MPa in the Nb-added TWIP steel is probably owing to the solid solution hardening of Nb atoms, precipitation hardening of NbC particles, and dislocation hardening in non-recrystallized grains.
Firstly, the maximum amount of solid solution hardening of Nb atoms was calculated to be approximately 4.34 MPa in the Nb-added TWIP steel based on the previous result that solute Nb atoms enhanced the YS of an austenitic stainless steel by 43.4 MPa per weight percent of Nb. 9) However, because some of Nb atoms were precipitated as NbC particles as shown in Fig. 2(a) , the actual amount of solid solution Fig. 1 (a) X-ray diffraction patterns of Nb-free and Nb-added TWIP steels after hot-rolling. Electron backscattered diffraction (EBSD) orientation maps of (b) Nb-free and (c) Nb-added TWIP steels. hardening of Nb atoms should be less than 4.34 MPa, which is almost negligible. The amount of precipitation hardening of NbC particles was also estimated from a previous result. 6) The difference in YS between Fe18Mn0.6C0.3Nb TWIP steel (532 MPa) with the grain size of 2.3 µm and the particle size of approximately 50 nm, which is similar to that in Fig. 2(a) , and Fe18Mn0.6C TWIP steel (474 MPa) with the grain size of 2.2 µm, but without NbC particles was 58 MPa. 6) Because the two TWIP steels were fully recrystallized after cold-rolling and annealing and had similar grain sizes, the difference in YS (58 MPa) was probably caused by both solid solution hardening of Nb atoms and precipitation hardening of NbC particles. Assuming that all Nb atoms remain as solutes in Fe18Mn0.6C0.3Nb TWIP steel, the maximum solid solution hardening of Nb atoms is approximately 13 MPa. Therefore, the actual solid solution hardening of Nb atoms would be less than 13 MPa because of NbC precipitation. This means that the predominant cause of the increase in YS of the Fe18Mn0.6C0.3Nb TWIP steel is the precipitation hardening of NbC particles. Because the Nb content in the present Nb-added TWIP steel is a third of the Nb content of Fe18Mn0.6C0.3Nb TWIP steel, the precipitation hardening of NbC particles in the Nb-added TWIP steel should be considerably less than 58 MPa.
Lastly, the degree of dislocation hardening in the Nb-added TWIP steel with non-recrystallized grains can be roughly estimated from a previous result reporting the change in YS with the degree of recrystallization in the Nb-free TWIP steel.
5) The YS of the Nb-free TWIP steel fully-recrystallized at 1000°C was 260 MPa, while that of the steel partiallyrecrystallized at 620°C was as high as 922 MPa. 5) This result shows the significance of dislocation hardening depending on the degree of recrystallization. Therefore, it is considered that the increase in YS (278 MPa) of the non-recrystallized Nbadded TWIP steel was mainly attributed to the dislocation hardening.
Meanwhile, the uniform elongation of the Nb-added TWIP steel was reduced due to the lower strain hardening rate (d·/d¾), especially at strains over 0.17, than the strain hardening rate of the Nb-free TWIP steel (Fig. 3(b) ). To investigate the difference in strain hardening behavior between the two steels, deformed microstructures of the failed tensile specimens were observed using XRD and TEM. Both TWIP steels showed neither ¾-martensite nor ¡A-martensite even after tensile failure, implying no phase transformation during tensile tests (Fig. 4) . The Nb-free TWIP steel possessed well-developed primary (twin1) and secondary (twin2) mechanical twins as shown in Fig. 5(a) . The Nb-added TWIP steel had the reduced size of primary mechanical twins almost without secondary mechanical twins (Fig. 5(b) ), which is probably because a lot of dislocations in non-recrystallized grains hindered the movement and dissociation of dislocations necessary for mechanical twinning. 10, 11) Therefore, the suppressed mechanical twinning is considered to be a main reason for the lower strain hardening rate at strains over 0.17 in the Nb-added TWIP steel.
Conclusions
Mechanical twinning and tensile deformation behavior of the Nb-added TWIP steel were investigated in the present study. While the Nb-free TWIP steel exhibited fullyrecrystallized equiaxed grains after hot-rolling, the Nb-added TWIP steel showed non-recrystallized and elongated grains with dispersed NbC particles and a high density of dislocations. The yield and tensile strengths of the Nb-added TWIP steel were higher than those of the Nb-free TWIP steel, which was mainly due to the hardening of dislocations in non-recrystallized grains. However, the uniform elongation and strain hardening rate of the Nb-added TWIP steel were Fig. 3 (a) Engineering stressstrain curves and (b) strain hardening rate true strain ((d·/d¾)¾) curves of Nb-free and Nb-added TWIP steels tensile-tested at room temperature with a constant strain rate of 1 © 10 ¹4 s ¹1 . Fig. 4 X-ray diffraction patterns of deformed gauge parts of both Nb-free and Nb-added TWIP steels after tensile tests.
Effects of Niobium on Mechanical Twinning and Tensile Properties of a High Mn Twinning-Induced Plasticity Steeldecreased because of inactive mechanical twinning. The suppressed mechanical twinning was probably attributed to the hindrance of dislocations movement and dissociation of dislocations necessary for mechanical twinning.
